Abstract. For many years the evaluation of the electromagnetic field (EMF) generated by transformer substations (TS) and switchgear assemblies has been an extremely cumbersome and expensive process. Manufacturers and users of TS and switchgear lacked a broadly-accepted assessment procedure specified in an international reference standard. The publication of the new Technical Report IEC/TR 62271-208 solves this situation since it describes a technique for the evaluation of the EMF generated by switchgear assemblies and TS and opens the possibility of employing simulation tools for this purpose.
electromagnetic field (EMF) generated by transformer substations (TS) and switchgear assemblies has been an extremely cumbersome and expensive process. Manufacturers and users of TS and switchgear lacked a broadly-accepted assessment procedure specified in an international reference standard. The publication of the new Technical Report IEC/TR 62271-208 solves this situation since it describes a technique for the evaluation of the EMF generated by switchgear assemblies and TS and opens the possibility of employing simulation tools for this purpose.
In this paper, preliminary stage of process for validation of simulation tests in order to substitute laboratory tests according to IEC/TR 62271-208, is described. With this purpose, magnetic field emission analysis is carried out using finite elements (FE) method, for a set of 5 identical switchgears (manufactured by Ormazabal), in series connection. Results obtained through simulation are compared to those measured in laboratory tests. Evaluation results are also compared with applicable limits (100 µT and 500 µT at 50 Hz, according to most human exposure
Introduction
In recent years, the electric and magnetic fields emitted by power lines, electrical equipment and installations have received a lot of interest from the general public, and as such no less attention has been paid by regulators, scientists, manufacturers and electrical companies. National and international regulations have set the limits of human exposure to these type of fields based on current scientific evidence and a precautionary principle. Nowadays most widespread international analysis on this issue, is published by International Commission on NonIonizing Radiation Protection (ICNIRP) [1] .
European Union (EU), following advice from Scientific Steering Committee, elaborated the EU Council Recommendation on exposure of the public to electromagnetic fields of 0 Hz to 300 GHz frequency [2] , which bases on ICNIRP Guidelines and aims to prevent acute effects (short term) caused by induction of electric currents in human body. In the case of power frequencies, EU Council sets a theoretic reference level for magnetic field (MF) at power frequency (50 Hz) in 100 µT and 500 µT for general public and occupational (workers) exposure, respectively.
In Spain is of the highest importance the technical report [3] issued by a committee of experts summoned by the Ministerio de Sanidad y Consumo. This report concludes that: "fulfilment of European Council recommendations is sufficient to guarantee citizens' health protection".
Even when the limits are well specified, the assessment or testing methods remain unclear or are troublesome, at least with respect to medium voltage (MV) switchgear and TS.
Switchgear installations permanently produce power frequency electric and magnetic fields. Field levels depend on line voltage (electric field) and load conditions (magnetic field). Generated electric and magnetic fields are not limited to the very close vicinity of the current carrying conductors. However, in the case of the electric field, as most of the switchgear components are enclosed in earthed metallic encapsulations, the shielding elements lead to a drastic attenuation of electric field which means that, in general, electric field analysis outside the enclosure lacks of interest.
In many cases, the locations around switchgears are used for the installation of sensitive equipment, and the MF should be taken into account. In these cases the corresponding MF limits have to be analyzed at those locations to ensure magnetic field levels are below limits established by international standards and the manufacturer's provisions.
In the literature some techniques have been described to predict the MV switchgear MF [4] [5] .
The overall objectives of this paper are, first to explain the process used to measure in the laboratory at current rating, magnetic field density values in the surroundings of five switchgears, and second, to specify the method used for simulation of switchgear behaviour using the FE technique. Results obtained through both methods are analyzed and compared. In addition, the MF results obtained using FE method are utilized for comparison with applicable limits (100 µT and 500 µT at 50 Hz, according to most human exposure regulations). Implementation can be conveniently realized by using EMS, a commercially available FE package.
The resulting field distributions can be utilized to determine appropriate distances between switchgear and the areas under consideration in order to comply with any limits concerning people and equipment and it is a preliminary stage for the validation process of a FE simulation tool in order to substitute laboratory tests for magnetic field determination in TS, according to IEC/TR 62271-208 [6] [7] .
Description of the Assessed Switchgears
The analysis was performed on five MV switchgears (see 
Magnetic Field Measurement
The measurement was performed in the Ormazabal laboratory in 2009, being the switchgears excited with three-phase balanced sinusoidal currents (630 A in this case). The magnetic flux density was measured at 144 points located 1.5 m above the ground plane and at rectangles separated 0.005, 0.5, 1, and 1.5 m from the metallic encapsulations of switchgears (see Fig. 2 ). For the magnetic field measurement a receiver and a unidirectional magnetic field probe were used. During laboratory tests values of the three magnetic flux density components were measured for each measuring point, but only the highest component was recorded.
Simulation
FE technique is used for simulating the magnetic behaviour of the switchgears. The three-dimensional FE model (see Fig. 3 ) has five perfectly different parts: a) current carrying conductors (only current carrying conductors are included and the first and the last switch blades are represented by round section bars), b) area encapsulated by stainless steel sheet with SF6 isolation level (see Fig. 4 ), c) area enclosed by galvanized steel with air isolation level, d) space of air surrounding the switchgears, separated in different volumes for magnetic flux density measurements at locations defined in section 3, and e) an additional volume located below for adequate application of boundary conditions. The relative magnetic permeability of all materials is 1, except for galvanized steel, which is 100. Performed analysis is AC magnetic at 50 Hz. 
Results
In this section, magnetic field density values measured in laboratory tests are compared to those obtained through FE method, and magnetic exposure volumes for 100 and 500 µT are defined. Figure 5 shows, for the measurement points defined in section 3, magnetic flux densities measured in laboratory tests and those obtained through the FE method. It can be observed that the relationship between magnetic flux emissivity values measured in laboratory tests and values obtained through FE method shows good correspondence at measurement points located in the front side of equipment; however, correlation decreases at back side except for those points separated 0.5 m from equipment. Possible causes of error could be: a) measurements could have been taken at points different from those defined in section 3 (equipment back side has no magnetic shield, the enclosure material is stainless steel of relative magnetic permeability equal to 1, and slight differences of the measurement point position or distance from ground could bring important variations of magnetic flux density), b) measurement device accuracy (receiver and probe), and mainly orientation of the testing probe, and c) simplification of current carrying conductors' geometry (FE model). Figure 6 , as an example to justify above mentioned effect, shows magnetic flux density (resultant component) as a function of distance for the following cases: 6a horizontal direction measurement at points 18 to 129 (switchgear back side) and points 6 to 105 (front side), and 6b vertical direction measurement at point 18 and at point 6 from 0.5 m above the ground to 2.5 m height. We can observe that at back side and near point 18, magnetic flux density variation is important in horizontal direction (near 0 distance in Fig. 6a as much as in vertical direction (distances around 1.5 m in Fig. 6b and so, small differences in measurement probe location point (as much in distance as in orientation), can cause important errors. Slight deviations of measurement probe location at point 6 (front side) however results in a much smaller errors. Figure 7 shows the volume of magnetic flux density (resultant component) around the analysed switchgears that is equal or higher than the mentioned limit of 100 μT and 500 μT, and the maximum distance between the switchgears and the boundary of the volume over different directions. 
A. Magnetic flux density

B. Magnetic exposure
It can be noticed that:
 maximum distance between the switchgear metallic enclosures and magnetic emissivity volume over 100 µT is 0.36, 0.4, 0.34 and 0.44 m in right, left, upper, and back sides, respectively, while in the front side (switchgear operation) remains inside switchgears;  magnetic emissivity volume over 500 µT is almost totally inside switchgears (area with SF6 isolation);  magnetic field density levels are always higher at switchgear back side (not accessible to operators) than at front side (switchgear operation), where magnetic field values never reach 100 µT.
It is important to mention that magnetic emissivity charts shown above were developed for five switchgears in open air, without taking into account possible interference with other surrounding equipment. Those switchgears are designed for indoor installation and in general they are installed in prefabricated or built transformer substations, reason for which a real installation should be studied as a whole (low voltage bridge, transformer, switchgears, low voltage board, etc.). The concrete/brick enclosure keeps general public far away from the 100 µT exposure limit.
Conclusions
A methodology, using FE technique, for the switchgear magnetic field assessment has been developed in this paper and the results are compared with those obtained in the laboratory tests. Both, simulation and laboratory tests, definitely show that MF density levels at switchgear front side (accessible to operators) are lower than those recommended for workers and general public by EU Council.
To obtain accurate results it is important to observe the following rules: 1) users must possess enough technical knowledge both about the physical phenomenon and the application of the FE method as a means of MF simulation; 2) the testing probe has to be characterized, in terms of performance and data acquisition accuracy; 3) it is of the highest importance, for validation of FE simulation results by means of magnetic flux density measurements in laboratory tests, clear definition and careful and accurate positioning of the points, and 4) use of a measurement device with a testing probe capable of directly measure the magnetic flux density resultant component is very commendable.
